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ABSTRACT  We  have examined the effects  of soluble collagen  on the function  of fibronectin 
in  baby  hamster  kidney  (BHK)  cells.  Collagen  and  its  purified  ~1(I) chain  noncompetitively 
inhibited  cell spreading on substrates  precoated with fibronectin  or a 75,000-D cell-binding 
fragment of fibronectin.  Neither preincubation of cells with collagen  followed by washing nor 
the addition of collagen to previously spread cells had any inhibitory effect on cell spreading, 
which indicates a requirement for the concurrent presence  of collagen  during the process of 
spreading.  Treatment of collagen or al(I) chain with collagenase abolished the inhibitory effect 
on fibronectin-mediated  cell spreading.  However, direct attachment of BHK cells to fibronec- 
tin-coated  or 75,000-D fragment-coated  substrates  was not  inhibited  by collagen  or by the 
al(I)  chain.  Moreover,  the  binding  of  [3H]fibronectin  or the  3H-75,000-D  fragment  to  cell 
surfaces  was not inhibited  by the  presence  of soluble collagen, whereas soluble fibronectin 
inhibited binding. Although the binding of [3H]fibronectin-coated  beads to BHK cell  surfaces 
was  also  not  inhibited  by  collagen,  the  phagocytosis  of  such  beads  was  inhibited  by  the 
presence of collagen. On the other hand,  soluble fibronectin  partially inhibited the binding of 
fibronectin-coated  beads  but did  not  inhibit  phagocytosis  of the  beads  that did  bind.  The 
mechanism of the inhibition of fibronectin function  by collagen  and the possible  interactions 
of two different kinds of receptors on the cell surface are discussed. 
The glycoprotein  fibronectin  has provided  insights  into the 
mechanisms of cell adhesion and cell migration in vitro and 
in vivo (2, 7, 1 l, 14, 16, 17, 26, 32, 4 l, 43, 46). The interaction 
of cells with fibronectin appears to be mediated by a specific 
receptor  that  is  saturable  and  that  binds  fibronectin  with 
moderate affinity (KD =  8  X  l0 -7 M; see reference  1). The 
binding  and  biological  function  of the  fibronectin  receptor 
can be inhibited by high concentrations of soluble fibronectin 
(18, 33, 47), a  cell-binding fragment of fibronectin (47), and 
synthetic peptides containing  its putative recognition  signal 
for cell adhesion (4, 27, 28, 47, 48). 
It is unlikely,  however,  that  cells  interact  with  only  one 
extracellular molecule at a  time in vivo. Since collagen is a 
ubiquitous extracellular molecule, we examined whether col- 
lagen might affect the interactions  of cells with  fibronectin. 
Native collagen in the form of a gel is known to interact with 
cells, and  cell extension  and  migration  in  such gels is well- 
documented  (e.g.,  6,  12,  14,  19,  20,  40).  Nevertheless,  we 
found  in  this  study  that  native  collagen  in  the  form  of a 
polymerized  gel  inhibited  cell  spreading  on  a  fibronectin 
substrate, even though cells had been permitted to form initial 
cell-substrate attachments. 
Because such collagenous matrices might be inhibiting cell 
interactions with fibronectin by trivial physical interference, 
we focused on the effects of soluble collagen chains on cells 
interacting with such fibronectin substrates. Collagenous pro- 
teins  were  found  to  inhibit  cell  spreading  on  fibronectin 
noncompetitively, as well as the phagocytosis of fibronectin- 
coated beads. In contrast,  collagen did not appear to inhibit 
the  binding  of fibronectin  to  the  cell  surface or the  initial 
adhesion of cells to a fibronectin substrate. Our results suggest 
that the extracellular protein collagen can modulate the inter- 
action of cells with a second matrix protein, fibronectin, by a 
noncompetitive mechanism. 
MATERIALS  AND  METHODS 
Fibronectin  and  the  75,000-D  Cell-binding  Frag- 
ment:  Human plasma fibronectin was purified under nondenaturing con- 
ditions according to the methods ofMiekka et al. (24). A 75,000-D cell-binding 
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purified exactly as described previously (15). Purity  was confirmed  by SDS 
polyacrylamide gel electrophoresis (21 ). 
Collagen and at(I) Chain:  Purified,  pepsin-solubilized bovine der- 
mal  collagen (Vitrogen  100) was obtained  from Collagen Corp.  (Palo Alto, 
CA). Vitrogen preparations were routinely dialyzed against 0.1% acetic acid for 
2 d, heated at 50"C for 30 min, then dialyzed against three changes of adhesion 
medium (0.15 M NaCI, 3 mM  KCI,  1 mM CaCI2, 0.5  mM  MgCI2, 6 mM 
Na2HPO4,  l mM KH2PO4, pH 7.4) (13) over 2 d at 4"C. Immediately before 
use, the  Vitrogen was reheated  at 50"C for 30  min.  Without  this reheating. 
gelation was observed at  high concentrations  of collagen during the 45-rain 
incubation  at 37"C for the spreading assay, indicating partial renaturation  of 
the collagen during the dialysis against adhesion medium. This collagen prep- 
aration  consisted  of ~95%  type  I and  5%  type  Ill collagens, according  to 
analyses by Collagen Corp. 
For some experiments,  this commercial  collagen preparation  was further 
purified by salt (I .8 M NaCI) precipitation to remove type Ill collagen. Rat-tail 
collagen was prepared  exactly as described by Bornstein  (3), and  the type I 
collagen was then further purified by salt fractionation. 
a~(I) chains were purified according to the  method  of Miller and Rhodes 
(25). Briefly, lyophilized Vitrogen was resuspended in 0.06 M sodium acetate 
buffer (pH 4.8), heated at 43"C for 30 min, applied to a water-jacketed CM- 
cellulose column equilibrated with the same buffer at 43"C, and eluted with a 
linear gradient of 0-0.2 M NaCI in the acetate buffer. Fractions eluting in the 
major absorbance peak at ~0.03-0.04  M NaCl were pooled, lyophilized, and 
applied to a BiG-Gel A-5m column equilibrated with 2 M guanidine-HCl and 
50 mM Tris-HCI buffer (pH 7.5). The main peak containing pure affl) chain 
was dialyzed against 0.01% acetic acid, lyophilized, and dialyzed against adhe- 
sion medium, a~(I) chains were used without heating after dialysis. 
Gelatin was obtained  commercially (Sigma Chemical Co., St. Louis, MO) 
and dialyzed against adhesion  medium  before use. Protease-free collagenase 
(form Ill) was purchased from Advance Biofactures Corp. (Lynnbrook, NY). 
Cell-spreading Assay:  Fibronectin-mediated  cell spreading of baby 
hamster kidney (BHK) ~  cells was assayed as described (l 3, 47). 96-well tissue 
culture  clusters  (Costar,  Cambridge,  MA)  were  preincubated  with  various 
concentrations  of fibronectin or the 75,000-D cell-binding fragment in 0.1 ml 
Dulbecco's phosphate-buffered saline (PBS; Gibco Laboratories, Grand Island, 
NY)  at  room temperature  (23  to  24"C) for 60  min,  and  the  nonspecific 
adsorption sites were blocked with  l0 mg/ml heat-denatured (80*(2 for 3 rain) 
bovine serum albumin (BSA; Calbiochem-Behring Corp., San Diego, CA) for 
30  rain.  BHK  cells were  trypsinized,  washed  three  times  with  PBS, and 
incubated  in adhesion medium  with or without  test materials at 37"C. After 
completion  of the assay, cells were fixed with 2.5% glutaraldehyde in PBS for 
1 h, and cell spreading was quantitated  as described (47). 
CelI-AttachmentAssay:  Substrates ( 16-m  m multi-well tissue culture 
clusters; Costar) were coated with fibronectin or the 75,000-D fragment in 0.3 
ml PBS and then  blocked with BSA as described above. BHK cells (3 x  l0  ~ 
cells) were incubated  with or without  various concentrations  of collagen or 
affl) chain for 45 min at 37"C. After washing twice with adhesion medium by 
rotary agitation on a gyratory shaker at 150 rpm, attached cells were detached 
by 0.25% trypsin and counted electronically (Coulter Electronics, Inc., Hialeah, 
FL). 
Binding Assay for [3H]Fibronectin and the  3H-75,000-D 
Fragment:  Both  [3H]fihronectin  and  the 3H-75,000-D  cell-binding  frag- 
ment were the kind gifts of Dr. Steven K. Akiyama (National Cancer Institute, 
National  Institutes  of Health,  Bethesda, MD) and were labeled by reductive 
methylation (37). 
The binding of [3H]flbronectin or the 3H-75,000-D fragment to BHK cells 
was quantitated  as described by Akiyama and Yamada  (1) except for minor 
changes due to the use of adherent  rather than suspension BHK cells. Briefly, 
subconfluent BHK cells were washed with Hanks' balanced salt solution (Gibco 
Laboratories) and incubated  in 0.01% N-tosyl-L-phenylalanine chloromethyl 
ketone (TPCK)-trypsin (Worthington Biochemical Corp. Freehold, N  J) in PBS 
at 37"C for 5 min. Trypsinization was terminated  by the addition  of an equal 
volume of 0. 1% trypsin inhibitor (3x crystallized, Calbiochem-Behring Corp.). 
After washing three times with Dulbecco's modified  Eagle's medium (Gibco 
Laboratories)  containing  HEPES and  supplemented  with  2%  (wt/vol)  BSA 
(binding medium),  I x  l07 BHK cells were incubated with [3H]fibronectin or 
the aH-75,000-D fragment with or without  collagen or fibronectin  in a total 
volume of0.15 ml at 37*(? for 60 min. The cells were continuously agitated on 
a  rocker platform.  At the termination  of incubation,  100 ~1 of the  reaction 
mixture was diluted into  1.0 ml of binding medium, and the cells were quickly 
sedimented and washed twice with binding medium, then centrifugated through 
Abbreviation used in this paper: BHK, baby hamster kidney. 
1.0 ml &binding medium containing  10% BSA. The bound radioactivity was 
quantitated  by suspending the cells in  100 ~tl deionized water, mixing them 
with  10  ml Ultrafluor  liquid  scintillation  fluid (National  Diagnostics, Inc., 
Somerville, NJ), and counting them in an LKB Rack-Beta  1215 scintillation 
spectrometer (LKB Instruments, Inc., Gaithersburg, MD). 
Binding and Phagocytosis  Assay for [3H]Fibronectin-coated 
Beads:  Beads  (0.797 4- 0.0043/~m, Sigma Chemical Co.) were coated with 
[3H]fibronectin according to the method of Grinnell ( 10, 23). Briefly, 0. l ml of 
polystyrene latex beads was washed with PBS and incubated with [aH]fibronec- 
tin (specific activity, 3.4 x  106 cpm/mg) in PBS at room temperature  for 60 
rain with continuous shaking on a rocker platform. After incubation,  nonspe- 
cific adsorption sites on the beads were blocked with l0 mg/ml BSA. The beads 
were then washed twice with PBS and sonicated for 5 s at 60 W (Heat Systems- 
Ultrasonics, Inc., Farmingdale, NY) immediately before use. BHK cell suspen- 
sions  prepared  as described  above  were mixed  with  [3H]fibronectin-coated 
beads in the presence or absence of  collagen or flbronectin in a total volume of 
1.0 ml. After incubation at 37"C for 30 or 90 min with continuous shaking on 
a  rocker platform,  nine aliqoots (100 gl each) of the reaction  mixture were 
layered onto 1.0 ml binding medium containing  10% BSA and centrifuged at 
2,500 rpm for 2 rain. The pellets of three aliquots were directly solubilized and 
processed as described above for the binding of  soluble flbronectin to determine 
total bound radioactivity. 
The pellets of another three aliquots  were resuspended in PBS, while an 
additional three pellets were resuspended in  1.0 mg/ml TPCK-trypsin in PBS. 
After incubation  at 37"C for 15  rain, the reaction mixtures were centrifuged, 
washed with  1.0  ml binding  buffer, and layered onto  10%  BSA in binding 
medium. Radioactivity remaining associated with the cells after centrifugation 
through  the  BSA cushion  was determined  as described above to quantitate 
trypsin-insensitive material, which provides a  measure of endocytosed fibro- 
nectin-coated beads (23). 
Determination  of Protein Concentration:  Preliminary experi- 
ments showed that neither ultraviolet absorbance nor the Folin assay provided 
accurate determinations  of collagens. Consequently, the  microbiuret  method 
(8) was used to detemine  the concentrations  of collagenous proteins such as 
collagen, a~(l) chain, and gelatin using a Vitrogen standard. The concentrations 
of other proteins were determined by the method of  Lowry et al. (22) with BSA 
as standard. 
RESULTS 
Inhibition of Fibronectin-rnediated Cell Spreading 
by Collagen 
In a standard cell-spreading assay, ~ 80% of the added BHK 
cells spread on tissue culture substrates precoated with 2 #g/ 
ml human plasma fibronectin or with 0.6 #g/ml of a purified 
75,000-D cell-binding fragment of fibronectin (Fig.  1, A and 
D). Spreading was never observed on control substrates lack- 
ing fibronectin (Fig.  1G). 
As shown in Fig.  1 and quantitated in Fig. 2 a, fibronectin- 
mediated cell spreading was progressively inhibited by increas- 
ing concentrations of collagen added to the adhesion medium. 
Such  dose-dependent  inhibition  of  fibronectin-mediated 
spreading was observed with collagen preparations before or 
after salt fractionation to remove traces of type III collagen, 
and  also  with  a  preparation  of rat-tail  collagen  (data  not 
shown). 
A similar inhibition of fibronectin-mediated cell spreading 
was also observed if the collagen was not preheated (Fig.  l I). 
Native collagen was dialyzed against adhesion medium with- 
out heat denaturation.  BHK cells were allowed to settle and 
attach to the fibronectin substrate for 5-10 min, and then the 
collagen  solution  was  added  gently.  Such  native  collagen 
formed  a  gel  during  the  45-rain  assay  period,  and  it  also 
markedly inhibited cell spreading (Fig.  1 I). a~(I) chain puri- 
fied  from collagen  was more effective than  was collagen  in 
the inhibition of fibronectin-mediated spreading on a weight 
basis  and  was approximately equal  in  activity on  a  molar 
basis (Figs.  1 and 2 a). In contrast,  the inhibitory activity of 
NAGAT^ ET At_.  Collagen Modulates Fibronectin Interactions  387 FIGURE  1  Inhibition of fibronectin-mediated cell spreading of BHK cells by collagen or its  isolated ~1(I) chain.  BHK cells were 
inoculated  onto  substrates  precoated with  2  ~g/ml  of  fibronectin  (A-C,  H,  and  I)  or 0.6 ~g/ml of  the  75,000-D  cell-binding 
fragment of fibronectin (D-F). After a 45-min incubation at 37°C with or without collagenous proteins, the cells were fixed with 
2.5% glutaraldehyde in  PBS. (A,  D,  and  G)  No additions (G was a  control  substrate without  precoating by  fibronectin  or the 
75,000-D fragment). (B and E) 2 mg/ml of soluble collagen was added to the reaction mixture (C and F) 1.5 mg/ml (C) or 1.0 mg/ 
ml (F) of sffl) chain was added. As a collagenase controJ, collagen was added to the reaction mixture after preincubation (37°C, 
30 rain) with 100 U/ml of collagenase {Form III, Advance Biofactures Corp.); it did not inhibit cell spreading (H). To examine the 
effect of native collagen, cells were permitted to attach to a fibronectin-coated substrate, the adhesion medium was removed, 
and native collagen in adhesion medium was gently poured into the dish; native collagen also inhibited cell spreading (1). Bar, 
100 ~m. 
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FIGURE  2  Dose-response curves for inhibition of cell spreading by collagenous proteins. Substrates were precoated with 2 #g/ 
ml of fibronectin (a) or 0.6/~g/ml of the 75,000-D cell-binding fragment of fibronectin (b) for 1 h and blocked with 10 mg/ml BSA. 
O, ~(I) chain; I,  collagen; I,  gelatin. Bars indicate standard errors for three to six random microscopic fields. 
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FIGURE  3  Time  course  of  cell  spreading  on  fibronectin-coated 
substrates in the presence (@) or absence (O) of soluble collagen 
(2.3 mg/ml). 
gelatin was much lower than that of collagen (Fig. 2 a). 
To determine whether the inhibition of fibronectin-media- 
ted  spreading  by  collagen  was  due  to  its  binding  to  the 
collagen-binding site  on fibronectin,  we compared these ef- 
fects with the effects of collagen on spreading mediated by a 
75,000-D cell-binding fragment of fibronectin that lacks the 
collagen-binding  site.  Both  collagen  and  the  purified  ~,(I) 
chain  displayed  similar  inhibitory dose-response  curves for 
spreading on this fragment as for intact  fibronectin (Figs.  1 
and 2 b). 
Fig.  3 shows the time course of spreading on fibronectin- 
coated substrates in the presence or absence of soluble colla- 
gen. Collagen inhibited not only the initial rate of spreading 
but also the final percentage of spread cells. 
Characterization of the Inhibition of 
Cell 5preading 
To examine whether collagen irreversibly altered or dam- 
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FIGURE  4  Effects on fibronectin-mediated cell spreading of prein- 
cubation  of  cells  with  collagen  or  of  addition  of  collagen  after 
completion of cell spreading. Trypsinized BHK cells were preincu- 
bated with  the  indicated concentrations of collagen  in  adhesion 
medium at 37°C for 45 rnin, followed by washing three times with 
adhesion medium and inoculation onto substrates precoated with 
2  ~,g/ml  of  fibronectin  (II).  Control  cells  were  preincubated  in 
adhesion medium alone and then incubated on fibronectin-coated 
substrates in the presence of collagen (O). Alternatively, cells were 
preincubated on fibronectin-coated substrates for 45  rain without 
collagen to permit spreading, adhesion medium was carefully re- 
moved, and various concentrations of soluble collagen were added. 
After an additional 45-rain incubation at 37°C, cell were fixed (O). 
Note that the final percentage of cells spread after this preincuba- 
tion without collagen was slightly increased because of the removal 
of weakly attached cells during the removal of adhesion medium. 
aged the cells, we preincubated BHK cells with various con- 
centrations of collagen at 37°C for 45 min, washed them with 
adhesion medium, and inoculated them onto substrates pre- 
coated  with  fibronectin.  As  shown  in  Fig.  4,  fibronectin- 
mediated spreading was completely unaffected by the prein- 
cubation with collagen, indicating that the effects of collagen 
were reversible and probably not due to cytotoxicity or irre- 
versible binding to cell surfaces. 
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lagen or c~1(I) chain followed by washing with adhesion me- 
dium had no effect on subsequent cell spreading of BHK cells 
(data not shown). This observation excludes the possibility of 
degradation  of the  substrate-adsorbed fibronectin by hypo- 
thetical proteases in the collagen sample. 
We examined whether collagen induced  rounding or de- 
tachment of cells  already spread  on  fibronectin  substrates. 
After incubating cells on fibronectin-coated substrates for 45 
min,  we  added  various concentrations  (0.5-2.5  mg/ml) of 
collagen. It was clear that collagen had no effect on previously 
spread  cells,  indicating  a  requirement  for  the  concurrent 
presence of collagen during the process of cell spreading (Fig. 
4). 
As  a  negative  control,  we  examined  the  effect  of high 
concentrations of BSA on spreading and found no effect on 
fibronectin-mediated spreading at  concentrations  up to  10 
mg/ml (data not shown). 
In another control, when the collagen was hydrolyzed with 
highly purified collagenase before use, all effects on fibronec- 
tin-mediated spreading of BHK cells were abolished (Figs.  1H 
and 5), suggesting a requirement for an intact collagen poly- 
peptide backbone for the inhibition of spreading. 
Inhibition of Cell Spreading by Collagen Was 
Not Competitive 
if the inhibition of cell spreading by collagen were compet- 
itive in  nature,  increasing the  concentration  of fibronectin 
preadsorbed onto the substrate should overcome the inhibi- 
tory effect of soluble collagen. As shown in Fig.  6, this was 
not  the  case  for the  inhibition  by collagen,  since  collagen 
could  still  inhibit  cell  spreading onto  substrates  precoated 
with high concentrations of fibronectin or the 75,000-D frag- 
ment as effectively as with lower concentrations of fibronec- 
tin.  Even substrates coated with fibronectin at up to 50 ~g/ 
ml showed no decrease in collagen-mediated inhibition of cell 
spreading (data not shown). 
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FIGURE  5  Effects  of  collagenease treatment  of  collagen  on  the 
inhibition of fibronectin-mediated cell spreading. A  collagen solu- 
tion (2.5 mg/ml in adhesion medium) was incubated with 100 U/ml 
of collagenase at 37°C  for  30  min  immediately before  use.  BHK 
cells were incubated on the fibronectin-coated substrates at 37°C 
for 45 min with untreated (O) or collagenase-treated ((3) collagens. 
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FIGURE  6  Effects  of  the  concentration  of  adhesive  protein  pre- 
coated onto the substrate on collagen-mediated inhibition of cell 
spreading. Substrates were precoated with various concentrations 
of fibronectin (a) or the 75,000-D cell-binding fragment (b) for 45 
min and blocked with BSA. After incubation at 37°C for 45 rnin in 
the  presence of  2.0  mg/ml  collagen,  cells  were  fixed  with  2.5% 
glutaraldehyde. @, control; O, collagen. 
Attachment of BHK Cells to Fibronectin-coated 
Substrates Was Not Inhibited by Collagen 
It was important to determine whether collagen also inhib- 
ited the process of initial cell attachment or only the event of 
cell spreading. Fig. 7 shows that collagen had no effect on cell 
attachment to fibronectin-coated substrates at concentrations 
of up to 2.5  mg/ml, whereas it almost completely inhibited 
cell spreading in the same concentration range. 
It was possible that cell  attachment might be resistant to 
inhibition  because less  fibronectin was required  for cell  at- 
tachment than for spreading.  In fact, cell  attachment could 
be mediated by lower concentrations of fibronectin pread- 
sorbed onto the substrate than that needed for cell spreading 
(Fig.  8).  Nevertheless, fibronectin-mediated cell  attachment 
was not inhibited by the presence of soluble collagen over the 
entire range of concentrations of fibronectin tested, including 
concentrations that yielded only partial cell attachment (Fig. 100 
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FIGURE  7  Comparison of the effects of collagen on cell spreading 
and  cell  attachment. Cell  attachment (O)  and  cell  spreading (@) 
were assayed as described in Materials and Methods after the cells 
were incubated at 37°C for 45 rain on fibronectin (2/~g/ml)-coated 
substrates in the presence of the indicated concentrations of col- 
lagen. 
8).  Cell  attachment to substrates coated with the 75,000-D 
cell-binding fragment was similarly not inhibited by collagen 
(data not shown). 
Binding of Radiolabeled Fibronectin and the 
75,000-D Fragment 
To determine whether fibronectin binding to putative fi- 
bronectin receptors on the cell surface was affected by colla- 
gen, we performed fibronectin binding assays using radiola- 
beled fibronectin or the purified 75,000-D cell-binding frag- 
ment as described in Materials and Methods. 
The addition of unlabeled fibronectin to the reaction mix- 
ture as a positive control partially inhibited both the binding 
of [3H]fibronectin and the 75,000-D fragment to BHK cells 
(Table I). Although collagen inhibited the binding of radio- 
active fibronectin to BHK cells by a factor of ~0.6, it had no 
effect on the binding of the radioactive 75,000-D cell-binding 
fragment. The apparent inhibition of [3H]fibronectin binding 
to BHK cells could be explained by an artifact: direct binding 
of collagen  to  the  collagen-binding domain  of fibronectin 
might induce aggregates.  In fact, we found that mixing colla- 
gen and fibronectin induced precipitable aggregates (data not 
shown). Thus, it was concluded that collagen had no effect 
on the binding of the fibronectin cell-binding site to fibronec- 
tin receptors on BHK cell surfaces. 
Binding and Phagocytosis of Beads Coated 
with [3H]Fibronectin 
The binding of substrate-adsorbed fibronectin to cells can 
be measured with fibronectin-coated latex beads (10, 23, 35). 
The binding of [3H]fibronectin-coated beads to BHK cell was 
not inhibited by the presence of collagen during incubation 
at 37"C for 90 min, while it was slightly  inhibited by fibro- 
nectin (Table II). In contrast, the presence of collagen inhib- 
ited the uptake of [3H]fibronectin-coated beads to a trypsin- 
insensitive compartment (a measure of phagocytosis) by more 
than  50%  that of controls (Table II). In a  control in which 
cells  were incubated with phosphate-buffered saline lacking 
trypsin, there was no inhibition by collagen  compared with 
the  untreated  control,  and  slight  inhibition  by fibronectin 
(Table II). It was of interest that this relatively low concentra- 
tion  of fibronectin  slightly  inhibited  the  initial  binding of 
fibronectin-coated beads but did not inhibit the phagocytic 
process itself. 
It was necessary to evaluate the  possibility that collagen 
reduced  the amount  of cell-bound  radioactivity by simply 
increasing the rate of degradation and excretion of radioactive 
peptides during the 90-rain incubation  period and that the 
initial rate of endocytosis of fibronectin-coated beads might 
have been normal. The assay period was therefore shortened 
to 30 min to minimize problems of turnover. Under these 
conditions  for measuring  initial  rates  of phagocytosis,  the 
ratios of endocytosed beads to total beads bound to cells were 
10% for cells in control medium without added collagen  or 
fibronectin, 6% for cells incubated in the presence of collagen, 
and 8.5% for cells with fibronectin. Collagen could, therefore, 
inhibit phagocytosis into a site inaccessible  to trypsin at both 
short and long incubation times, without affecting the binding 
of beads to the cell surface. 
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FIGURE  8  Effects  of the concentrations of fibronectin, precoated 
on substrates, on cell spreading ([Z], II) and cell attachment (O, O). 
Substrates  were precoated with  the  indicated  concentrations  of 
fibronectin and blocked with BSA. After a 45-rain incubation, cell 
spreading and cell attachment assays were performed in the pres- 
ence (O, t-I) and absence (@, II) of soluble collagen as described in 
Materials and Methods. 
TABLE  I.  Effects  of Collagen on the Binding of [3H]Fibronectin and 
the 3H-75,000-D Cell-Binding  Fragment to BHK Cells 
Binding of 
3H-75,000-D frag- 
[3H]Fibronectin  ment 
cpm  cpm 
Control  8,884 +  211  (100)  4,109 +  1,264  (100) 
Collagen, 2 mg/ml  5,687 +  108 (64)  4,114 +  379  (100) 
Fibronectin, 2 mg/ml  5,108 +  146 (57)  2,755 +  755  (67) 
[3H]Fibronectin  (specific  activity =  1.2 x  107 cpm/mg)  was incubated  at a 
final  concentration of 0.1  mg/ml  with  1 ×  107  BHK cells  with or without 
unlabeled  collagen  or fibronectin. 3H-75,000-D  cell-binding  fragment  (spe- 
cific activity =  3.3 x  106 cpm/mg) was incubated  at a final concentration of 
0.04 mgJml with t  x  107 cells. See Materials and Methods for experimental 
details. Numbers  in parentheses indicate  percentage of control values. 
NAGATA ET AI_.  Collagen  Modulates Fibronectin Interactions  391 TABLE II.  Effects of Collagen on the Binding and Phagocytosis of [3H]Fibronectin-coated Beads 
Cell-beads complex incubated with 
Total sedimented  radio- 
activity  PBS  Trypsin  Phagocytosis 
cpm  cpm  cpm  % 
Beads alone  84  --  -- 
Beads +  collagen  177  -- 
Beads +  cells  3,633 ±  107  3,119 ±  125  1,146 ±  68  31.5 
Beads +  cells +  collagen  3,929 ±  880  3,340 +  541  576 ±  100  14.7 
Beads +  cells +  fibronectin  3,240 ±  32  2,739 +  102  997 ±  139  30.8 
Polystyrene beads coated with [3H]fibronectin were incubated with BHK cells in suspension for 90 min in the presence or absence of unlabeled collagen (2.0 
mg/ml)  or fibronectin (2.0 mg/ml) as described in detail in Materials and Methods. At the end of the incubation period, aliquots were trypsinized to determine 
the proportion of internalized radioactivity. See Materials and Methods for experimental details. 
DISCUSSION 
We have described the inhibition  of certain functions of the 
adhesive glycoprotein fibronectin by collagen, another major 
extracellular  matrix  protein.  Soluble  collagen  noncompeti- 
tively inhibited fibronectin-mediated cell spreading, but it did 
not inhibit  initial cell attachment to fibronectin-coated sub- 
strates. Similarly, collagen inhibited phagocytosis of fibronec- 
tin-coated beads but did  not inhibit their initial attachment 
to the cell surface. Both collagen and its purified a,(I) chain 
were  substantially  more  active  in  inhibiting  cell  spreading 
than was gelatin. The inhibition was dose dependent,  noncy- 
totoxic,  and  reversible,  and  it  could  not  be  mimicked  by 
collagenase-treated collagen. 
The concentrations of collagen that were found to be inhib- 
itory were only approximately two- to threefold higher than 
were the concentrations usually used for cell culture in loose, 
native collagen gels (6, 12,  19). Such gels inhibited cell spread- 
ing on a  fibronectin substrate, even when added after initial 
cell attachment to the substrate had occurred.  However, the 
inhibitory  effects could  have  resulted  from simple  physical 
obstruction of lateral cell movement. Consequently, standard 
assays  involved  preheating  the  collagen  to  50°C  to  avoid 
subsequent gel formation. The retention of inhibitory activity 
under  these  conditions  and  with  separated,  purified  a~(I) 
chains, but not after collagenase treatment,  strongly suggests 
that the native triple-helical configuration of collagen is not 
necessary for function, but that an intact collagen polypeptide 
backbone is required.  In addition, the inhibition involves the 
cell-binding function of flbronectin, since cell spreading was 
also inhibited  on  a  substrate of a  purified proteolytic fibro- 
nectin  fragment  containing  this  site  and  lacking  sites  for 
binding to collagen or glycosaminoglycans (15). 
In  studies  by  Sugrue  and  Hay (36),  soluble  extracellular 
matrix  molecules were  also  found  to be active in  inducing 
morphological  changes  in  corneal epithelial  cells,  including 
the withdrawal of blebs and cytoskeletal reorganization. They 
found  that  heat-denatured  collagen  was  as  effective as  the 
native molecule in these effects (36). 
Our  studies  also  indicated  that  treatment  of cells  with 
collagen did not inhibit the binding of fibronectin to cells as 
determined by assays for the binding of the cell-binding region 
of fibronectin to cells, for the attachment of cells to a  fibro- 
nectin-coated  substrate,  and  for the  binding  of fibronectin- 
coated beads to the cell surface.  In contrast,  the subsequent 
step of active cell spreading over the fibronectin substrate to 
attain a normal flattened morphology was inhibited by colla- 
gen. Grinnell and others have suggested that phagocytosis of 
fibronectin-coated beads is analogous to cell spreading, since 
the latter can be conceptualized as a cell attempting to engulf 
a  bead  of infinite  diameter  (l l).  In  agreement  with  that 
hypothesis, collagen treatment also partially inhibited phago- 
cytosis of fibronectin-coated beads. 
The effects of collagen can be contrasted to the autoinhibi- 
tory effect on fibronectin function of high concentrations  of 
fibronectin  itself,  its  fragments,  and  its  biologically  active 
synthetic  peptides  (27,  47,  48).  In  fibroblasts,  fibronectin 
fragments and  synthetic  peptides readily inhibit  both  fibro- 
nectin-mediated  cell attachment  and  cell spreading (47).  In 
platelets, fibronectin synthetic peptides inhibit platelet attach- 
ment to  substrates  and  platelet  aggregation,  as well  as  the 
binding  of fibronectin  to  the  cell  surface  in  a  competitive 
fashion (7a,  13a).  Other synthetic peptides corresponding to 
the COOH terminus of the y-chain of fibrinogen also com- 
petitively, rather than  noncompetitively, inhibit the binding 
to  platelets of fibronectin,  fibrinogen,  and  yon  WiUebrand 
factor, each of which are quite distinct proteins thought to be 
necessary for platelet adhesion (29, 39). 
The effects of collagen on  fibronectin  function  appear to 
be distinct from these competitive effects because (a) collagen 
did not inhibit cell attachment to fibronectin, (b) the inhibi- 
tion of cell spreading was not competitive in that increasing 
the concentration  of substrate-adsorbed ligand did not over- 
come the inhibition,  and (c) collagen added to cells that had 
previously spread  on  fibronectin-coated  substrates  induced 
neither rounding nor detachment. 
The inhibitory relationship between collagen and fibronec- 
tin could be mutual. For example, the presence of fibronectin 
when cells are migrating into three-dimensional gels of native 
collagen  in  vitro  can  inhibit  the  migration  of human  skin 
fibroblasts while stimulating the migration of melanoma cells 
(34,  see also reference 42).  In these  studies,  however, there 
was no quantitative examination  of the effect of fibronectin 
on  cell adhesion  to collagen  or vice versa.  More generally, 
effects of one ligand on the receptor for another ligand have 
been described in the literature (e.g., reference 5). The ligation 
of fibronectin receptors with fibronectin at the basal surface 
of cells  activates  C3-receptor-mediated  phagocytosis  at  the 
apical cell surface of cultured human monocytes (30, 44, 45). 
Culturing  melanoma cells in the presence of fibronectin  re- 
duces  the  subsequent  ability  of these cells to bind  laminin 
(38). 
The  mechanism  by  which  collagen  inhibits  fibronectin 
function is not known, although competition for the same or 
related receptors appears to be ruled out as discussed above. 
Athough  other  mechanisms  may be  possible,  a  simple  hy- 
pothesis that explains all of our results is that occupation of 
the fibroblast collagen receptor (9) inhibits the mobility and 
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the redistribution of fibronectin receptors, which is necessary 
for cell  spreading.  Previous  studies  suggest  that  fibronectin 
receptors  are  mobile  and  are  redistributed  to  the  ventral 
(lower)  surfaces  of cells  undergoing  spreading,  at  least  by 
functional  assays  (11,  31;  Fig.  9).  The  inhibition  of  cell 
attachment and spreading by soluble fibronectin and its frag- 
ments (27, 47, 48) competes directly for fibronectin receptors, 
preventing binding (1). 
In contrast,  the  noncompetitive  inhibition  by collagen  of 
spreading and phagocytosis on fibronectin substrates, but not 
of direct  binding  to  fibronectin,  could  be  explained  by  an 
inhibition of fibronectin  receptor redistribution.  Some other 
effect  on  cytoskeletal  elements,  of course,  is  also  possible. 
These  hypotheses would  be  testable  once  antibodies  to the 
fibronectin receptor were obtained and characterized. 
In  conclusion,  our results  indicate  that  one  extracellular 
matrix  protein  can  modulate  the  function  of another.  It  is 
conceivable that several types of extracellular molecules could 
modulate the behavior of a cell simultaneously or successively. 
One speculation on an in vivo role for the effect of collagen 
on fibronectin  function  is that the very high concentrations 
of collagen in dense connective tissue might prevent cellular 
responses to fibronectin, resulting in nonmotile, metabolically 
quiescent  fibrocytes.  Such  communication  between  two  or 
more receptors could play important roles in regulating not 
only cell adhesion, but cell migration, invasion, and metabo- 
lism. 
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